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age chromosome. The kinetochore is 
likely to be comprised of a series of stiff 
mechanical linkages. These linkages 
may assemble on the microtubule lat-
tice, either displaced from the plus end 
(for instance, a Hill sleeve) or along the 
inward surface of a curved protofilament 
(as suggested by McIntosh et al.). The 
structures and hypotheses that emerge 
from such studies will help us under-
stand how cells ensure that every last 
chromosome is faithfully segregated to 
generate a thriving organism.
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Success of homologous recombination-based DNA repair depends not only on recombinases, 
which promote invasion of the homologous DNA duplex that serves as a template for repair, but 
also on antirecombinases, which dismantle recombination intermediates to allow completion 
of repair. In this issue, Barber et al. (2008) identify a previously elusive antirecombinase activity 
important for maintaining genome stability in animals.DNA repair based upon homologous 
recombination (HR) is crucial for main-
taining genomic integrity in mitotically 
cycling cells and for ensuring proper 
chromosome segregation during meio-
sis. In HR, a DNA duplex (usually the 
sister chromatid or the homologous 
chromosome) is used as a template for 
repair. A growing body of evidence has 
indicated that HR-based repair in most 
contexts occurs predominantly via a 
synthesis-dependent strand annealing 
pathway (Figure 1), which involves tem-
porary engagement of a homologous 
DNA duplex that serves as an informa-
tion donor by acting as a template for 
DNA synthesis at the repair site (Paques 
and Haber, 1999). The importance of 
having a clear exit strategy is inher-
ent in this recombination mechanism: 
successful strand invasion alone is not sufficient grounds to declare “mission 
accomplished.” Cells must also have 
mechanisms for disengaging the invad-
ing strand after sufficient repair synthe-
sis has occurred to meet the objective of 
replacing the lost information. Notably, 
this mechanism allows for HR-based 
repair while minimizing the likelihood of 
crossover events that might complicate 
chromosome segregation or lead to 
chromosome rearrangements if recom-
bination events were to occur between 
homologous DNA sequences at ectopic 
positions in the genome (e.g., between 
dispersed repeats). Although there is 
significant mechanistic understanding 
about the strand invasion step in homolo-
gous recombination, much less is known 
about activities that suppress recombi-
nation and the mechanisms of the disen-
gagement process. In this issue, Barber Cell 135et al. (2008) identify the DNA helicase 
RTEL1 as an important player in mecha-
nisms that protect multicellular eukary-
otes from the dangers of recombination 
running rampant.
Negative regulators of HR likely play 
crucial roles in the maintenance of genome 
stability. In the budding yeast Saccha-
romyces cerevisiae, the DNA helicase 
Srs2 has been identified as a prototypi-
cal antirecombinase (Krejci et al., 2003; 
Veaute et al., 2003), but no recognizable 
Srs2 homologs are found outside of yeast. 
Reasoning that analogous functions were 
likely to operate in higher eukaryotes, Bar-
ber et al. sought to uncover antirecombi-
nases in animal cells. Taking a page from 
the extensive literature on HR in S. cerevi-
siae, the authors set out to identify the rel-
evant enzymes by screening for helicases 
that exhibited properties similar to those of , October 17, 2008 ©2008 Elsevier Inc. 213
figure 1. Multiple Homologous Recombination-Based Pathways of Break Repair
The ends of a broken DNA molecule (blue) are processed to yield 3′ single-stranded tails. Recombinase 
RAD51 (green) assembles a nucleoprotein filament on this single-stranded DNA and catalyzes invasion of 
a homologous DNA duplex (red), yielding a strand-exchange intermediate known as a D loop. After strand 
exchange, the invading strand is elongated by a primer-extension DNA synthesis reaction using the donor 
DNA as a template. In the SDSA pathway (right), the invading strand is displaced after repair synthesis, al-
lowing it to anneal to the other processed DNA end; repair is completed by additional synthesis and ligation 
to yield a noncrossover repair product and an intact donor duplex. The RTEL1 protein reported by Barber et 
al. (2008) is proposed to catalyze the strand displacement step that is central to this SDSA mechanism.
If strand displacement does not occur, the second end of the broken DNA molecule may be captured by 
the D loop (left), ultimately yielding a double Holliday junction (dHJ) intermediate. This dHJ intermediate 
can then undergo a resolution reaction (left) involving cleavage of the Holliday junctions, which can give 
rise to crossover recombination products. Alternatively, a dHJ intermediate may undergo a “dissolution” 
reaction involving branch migration of the two HJs and decatenation by a topoisomerase to yield a non-
crossover repair product and an intact donor duplex. In the absence of the proposed strand-displace-
ment activity RTEL1, the usage of these other pathways may increase, resulting in both an increase in 
crossovers and an increased dependence on enzymes that can perform these reactions.yeast Srs2. In yeast cells lacking Sgs1 (the 
S. cerevisiae homolog of the RecQ family 
DNA helicase BLM), the loss of Srs2 results 
in lethality due to an accumulation of toxic 
recombination intermediates (Gangloff 
et al., 2000). Thus, the authors sought to 
identify helicases that might be functional 
counterparts of Srs2 by exploiting features 
of the C. elegans experimental system to 
screen for mutations in predicted helicase 
genes that exhibited synthetic lethality with 
mutations in him-6/BLM, the C. elegans 
ortholog of BLM.214 Cell 135, October 17, 2008 ©2008 ElsevThis strategy succeeded in identify-
ing RTEL-1, a predicted helicase that 
fit the bill nicely. The authors showed 
that synthetic lethality of the C. elegans 
mutants lacking both rtel-1 and him-6/
BLM correlated with a marked increase 
in the number of foci likely representing 
unresolved recombination intermedi-
ates. These foci contain RAD51, the cen-
tral recombinase protein in eukaryotes, 
which forms a nucleoprotein filament 
on 3′ single-stranded DNA (ssDNA) tails 
that is responsible for the recognition ier Inc.of homologous DNA duplexes and for 
promoting the strand exchange reaction 
during HR. The authors further demon-
strated that worms deficient in RTEL1 
exhibit elevated crossover frequencies 
during meiosis and increased sensitivity 
to DNA-damaging agents that produce 
interstrand crosslinks (ICLs). In addition, 
they provided evidence for conservation 
of function in vertebrates, showing that 
RTEL1-depleted human cells exhibit both 
an increased frequency of HR-based 
double-strand break (DSB) repair and 
an increased sensitivity to ICL-inducing 
agents.
Informed by their in vivo genetic evi-
dence, the authors then assessed the 
biochemical activities of the human 
RTEL1 protein. During HR, the RAD51 
complex promotes a strand exchange 
reaction that results in the formation of 
“joint molecules” in which the original 
RAD51-coated DNA is associated with 
its complement in the donor DNA duplex, 
thereby displacing the other strand of 
the donor duplex to form a recombina-
tion intermediate called a D loop (Fig-
ure 1). The authors showed that purified 
RTEL1 inhibits the formation of D loops 
in vitro, a property shared with Srs2 and 
BLM. However, although Srs2 and BLM 
both can disrupt RAD51 nucleoprotien 
filaments in vitro (Bugreev et al., 2007; 
Krejci et al., 2003; Veaute et al., 2003), 
RTEL1 does not dissociate RAD51 from 
ssDNA. This observation suggested that 
RTEL1 antagonizes D loop formation by 
a unique mechanism. This conclusion is 
reinforced by a final set of experiments 
that clearly demonstrate that RTEL1 dis-
mantles preformed D loops, effectively 
reversing the strand invasion reaction. 
Based on this striking property, RTEL1 
appears not only to have earned full rights 
to the title of “antirecombinase” but also 
to define a unique class of recombinase-
antagonizing activity that functions after 
strand invasion.
What are the roles of RTEL1 antire-
combinase activity in vivo? The authors 
focus much of their speculation on 
potential roles for RTEL1 in preventing 
inappropriate recombination events 
that could lead to genome instability. 
Although it is likely that RTEL1 does 
indeed function in this capacity, it may 
also be equally important in promoting 
normal completion of “intended” recom-
bination events. The ability of RTEL1 to 
dissociate preformed D loops precisely 
fits the requirements for a recombina-
tion exit strategy by providing a means 
to disengage an invading DNA strand 
from a donor duplex, which is needed to 
complete HR-mediated repair through 
the SDSA mechanism.
Speculation that RTEL1 may be an 
important player in promoting strand 
disengagement in the pathway for 
synthesis-dependent strand annealing 
immediately raises further questions. 
If this is a major role for RTEL1, why 
do rtel-1 mutant worms and RTEL1-
depleted human cells exhibit normal 
sensitivity to ionizing radiation, which 
induces double-strand DNA breaks 
that are known to promote recombina-
tion? The synthetic lethality observed 
for rtel-1 mutations in combination with 
him-6/BLM mutations (and with muta-
tions affecting several other DNA repair 
proteins) suggests a ready explanation: 
multiple distinct routes can ultimately 
lead to completion of repair and resto-
ration of intact DNA molecules. When 
one option is missing, another will sub-
stitute. Thus, there may be multiple 
mechanisms that can promote strand 
displacement in vivo. Alternatively, lack 
of RTEL antirecombinase activity might 
be partially compensated for by activi-
ties that can disassemble alternative 
recombination intermediates (such as 
double Holliday junctions; Figure 1) that 
may increase in abundance when strand 
displacement is impaired. Interestingly, 
in addition to the ability of BLM helicase 
to disrupt RAD51 filaments on its own, 
BLM in complex with Topoisomerase III 
has been demonstrated to promote dis-solution of double Holliday junction sub-
strates in vitro (Wu and Hickson, 2003), 
lending plausibility to this scenario.
What are the roles of RTEL1 in mei-
otic recombination? Does the increase 
in crossover frequencies observed in 
the rtel-1 mutant reflect a role for RTEL1 
in limiting the total number of recom-
bination intermediates that form? Or, 
alternatively, does it reflect a shift in the 
bias (crossover versus noncrossover) 
of repair outcome? One possibility it 
that the lack of RTEL1 antirecombinase 
activity results in increased length and/
or prolonged persistence of D loops. 
This in turn could increase the probabil-
ity of capturing the second end of the 
broken DNA molecule, thereby resulting 
in formation of a double Holliday junction 
(Figure 1), a recombination intermediate 
that is resolved primarily to yield cross-
over products during meiosis (Allers 
and Lichten, 2001; Hunter and Kleckner, 
2001). Under this scenario, RTEL1 might 
play a role in determining whether initi-
ated recombination events will become 
crossovers or noncrossovers.
Whereas Barber et al. are the first to 
establish a role for RTEL1 in the context 
of homologous recombination, RTEL 
was originally identified based on a role 
in regulation of telomere length (Ding et 
al., 2004). The loss of Rtel in mice results 
in severe genome instability and sto-
chastic telomere loss, yet the function 
of Rtel had remained elusive. The dem-
onstration that RTEL1 is a conserved 
“antirecombinase” has therefore shed 
light on the probable underlying cause 
of the Rtel knockout mouse phenotype. 
It has been known for some time that 
telomeres adopt specialized structures Cell 135known as “T loops” that act to protect 
chromosome ends. In recent years, it 
has been shown that recombination 
plays a critical role in establishing the T 
loop structure by promoting invasion of 
the single-stranded telomere end into a 
subtelomeric region to form a recombi-
nation intermediate that resembles a D 
loop. In light of the current findings and 
the potent activity of RTEL1 toward D 
loop structures, it will be interesting to 
discover whether and how this “antire-
combinase” activity contributes to the 
assembly and disassembly of the T loop 
structure during each cell cycle.
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